To predict how benthic communities will respond to disturbance, it is necessary to understand how disturbance affects the planktonic larval supply available to recolonize the area. Deep-sea hydrothermal vent fauna along the East Pacific Rise (EPR) experience frequent local extinctions due to tectonic and magmatic events, but the effects on regional larval abundance and diversity are unknown. We had been monitoring larvae at 9° 50' N on the EPR prior to the 2006 eruption and were able to resume collections shortly afterward. We found that many species that were common before the eruption became significantly less so afterward, whereas a few other species experienced a transient spike in abundance. Surprisingly, overall species richness in the plankton was high 9 mo after the eruption, but then decreased sharply after 1 yr and had not returned to pre-eruption levels after 2 yr. These results suggest that recovery from disturbance may continue to be affected by limited larval supply even several years after a disturbance event. This delay in recovery means that larvae of pioneer species may dominate potential colonists, even after benthic habitats have transitioned to conditions that favor later-successional species. Moreover, the combined effects of natural and anthropogenic disturbance (e.g. mining) would be likely to cause more profound and long-lasting changes than either event alone. Our results indicate that we do not have sufficient data to predict the timing of recovery after disturbance in the deep sea, even in a well-studied vent system. 
INTRODUCTION
Hydrothermal vents at fast-spreading centers such as the East Pacific Rise (EPR) are subject to frequent (annual to decadal) disturbance (Fornari et al. 2012) . Sites may be paved over with lava during volcanic eruptions and even minor earthquakes may divert the flow of hydrothermal fluids, causing established communities to perish while creating new habitat elsewhere. Because most of the vent-endemic fauna have limited mobility as adults, colonization of disturbed sites must be primarily by planktonic larvae (Lutz et al. 1984) . The abundant food source supplied by chemosynthetic bacteria and archaea allows for high reproductive rates and many species have quasi-continuous reproduction (Tyler & Young 1999) , so that in the event of an eruption some larvae are likely to be available to recolonize the site. Yet, surprisingly little is known about the process by which this occurs.
The EPR at 9° 50' N has been studied through an entire eruption cycle (1991 to 2006) and faunal recoveries from 2 eruptions have been observed. Because the site was not sampled until shortly before the 1991 eruption, little information was available on the pre-1991 fauna and the recovery was followed mainly by observing megafauna (Shank et al. 1998) , supplemented by non-quantitative macrofaunal collections. During the 15 yr between the 2 eruptions, the area was studied intensively by numerous researchers, who produced quantitative information on macrofaunal species composition and abundance (e.g. Micheli et al. 2002 , Mullineaux et al. 2003 , Van Dover 2003 , Dreyer et al. 2005 , Govenar et al. 2005 and measured the diversity, abundance and distribution of vent larvae through time using plankton pumps and sediment traps (Mullineaux et al. 2005 , Beaulieu et al. 2009 ). These studies support the idea of vents as a dynamic environment: physically through initiation and cessation of venting (e.g. the emergence of high temperature vents at Tica and termination of venting at Tubeworm Pillar; Von Damm et al. 2004 ) and through changes in vent fluid temperature, pH and chemical composition on short and long time scales (Le Bris et al. 2006a ,b, Lutz et al. 2008 , Moore et al. 2009 ), and biologically through succession and other processes (Micheli et al. 2002 , Mullineaux et al. 2003 ).
The megafauna appear to have followed the same general patterns of arrival during the recoveries from the 1991 and 2005/2006 eruptions; first the Jericho worm Tevnia jerichonana colonized numerous small venting sites with the giant tubeworm Riftia pachyptila gradually replacing it during the second and third years after the disturbance. Bathymodiolus thermophilus mussels appeared as isolated individuals during this same time frame, but they remained infrequent even 4 yr post-eruption, in 1995 and 2010 (Shank et al. 1998 , Mullineaux et al. 2012 ).
However, even with very limited information about the differences in macrofauna, it was apparent that recovery from the 2005/2006 eruption event differed from its predecessor, with the widespread appearance of a newly arrived gastropod species Ctenopelta porifera, which had never been collected from this site before (Mullineaux et al. 2010) , and the dominance of another gastropod, Lepetodrilus tevnianus, which had not been prominent after the previous event. It is unknown whether the absence of C. porifera after the 1991 eruption was due to differences in the post-eruption environment or lack of larvae in the plankton at the critical stage in the recovery.
Larval dispersal is a critical part of dynamics in a metapopulation with frequent natural disturbance (Van Dover & Lutz 2004 , Neubert et al. 2006 , Metaxas 2011 , determining whether and how fast disturbed communities recover. The rate and character of recolonization influence the distribution of species and both local and regional diversity. It is, however, uncertain whether the adaptations that allow vent communities to recover after eruptions would be equally effective after a different type of disturbance, such as open-cut mining. Although mining on remote sections of mid-ocean ridges may be unlikely, mining is currently being proposed for moreaccessible arc and back-arc settings in the western Pacific (Hoagland et al. 2010) . The general consensus appears to be that because vent populations are adapted to frequent disturbance, they are likely to recover quickly from a mining operation or other anthropogenic disturbance, provided that nearby areas with similar fauna are set aside as reserves to act as sources of larvae to recolonize the site. Yet, decisions on appropriate methods of restoration are being made without data on larval supply (Van Dover et al. 2011 ) -the most critical factor in recovery after disturbance.
We have been sampling larvae at 9° 50' N intermittently since 1998 and have quantitative larval samples from shortly before the eruption and soon afterward. In this study, we used these samples to examine how larval abundance and species composition changed following the disturbance and how larval variation corresponded to changes observed in the benthic populations. With this information, we evaluated how information on larval abundance and species composition can help inform predictions of community composition and succession after future eruptions or different types of disturbance. screen inside the high-volume filter holder, where they remained for a short period (<2 h) until the mooring was released acoustically and recovered. Since the filter holders are well insulated, the samples stayed cold, typically <5°C, during the recovery and many of the larvae were alive when they reached the surface. On recovery of the moorings, the samples were transferred to chilled filtered seawater for a short examination and then preserved in 95% ethanol.
MATERIALS AND METHODS

Our
Samples were sorted in the laboratory and all larvae were classified to the lowest possible taxonomic group (genus or species for most molluscs and arthropods, family or genus for polychaetes, as in Mullineaux et al. 2005 , Beaulieu et al. 2009 and Mills et al. 2009 ). For most of these larvae, it was not possible to determine developmental stage, so those observations were not included in analyses. Every effort was made to assign individuals to species-level morphotypes, but this was not possible in all cases, especially that of the limpet genus
Lepetodrilus, which has 5 described local species and probably other cryptic species (Johnson et al. 2008 ). Ideally, species-level identifications would be used for comparisons of richness, but in the deep sea where many taxa have not been identified to species level, richness analyses that mix species and higher taxa have proven informative for ecological investigations (e.g. Levin et al. 2009 ). For all tests except rarefaction, species abundances were normalized to a sample size of 40000 l prior to analysis.
We conducted a Bray-Curtis cluster analysis to look at relationships between the samples both individually and pooled by sampling date (BioDiversity Pro, Scottish Museum of Marine Science). We selected the single-link approach for simplicity; the other options produced virtually identical clusters. Patterns of species co-occurrence were evaluated using nonmetric multi-dimensional scaling (nMDS; Systat 11), focusing on 12 gastropod species, including the most common pre-eruption species or morphotypes, plus Ctenopelta porifera, which appeared in the benthos for the first time after the eruption (Mullineaux et al. 2010 ). This analysis revealed 2 discrete groups; 4 species were selected from each group and examined by multivariate analysis of variance (MANOVA; Systat 11) to evaluate changes in abundance over time. We limited the species to 4 (those with highest abundance that were also found in the benthos) to ensure that the number of species did not exceed the number of replicates for any sample date. Logarithmic transformations, ln(x + 1), were performed when necessary to approach homogeneity of variance. Post-hoc Tukey tests were conducted to identify significant pairwise differences between sample dates. Finally, we evaluated species richness and diversity for all the samples using rarefaction curves (BioDiversity Pro), Shannon's diversity (H') and Pielou's evenness (J') measures (Pielou 1969) . Abundances of all vent larvae combined, and of gastropod and polychaete groups separately, were compared between cruises by ANOVA and Tukey tests (Systat 11), and to earlier sampling expeditions in 1999 and 2000 (Mullineaux et al. 2005) , to evaluate temporal variation and compare it with diversity patterns. MANOVA data were logtransformed when necessary.
RESULTS
We found a total of 56 benthic species or morphotypes (Table 1) in the larval samples, most of which were of vent or probable vent origin. In the cluster analysis ( The nMDS analysis divided gastropods into 2 groups: one with species that were common in pre-eruption samples of benthos and plankton (Mullineaux et al. 2003 , 2005 , Beaulieu et al. 2009 ), and a second including Gorgoleptis emarginatus and Ctenopelta porifera, species that were common in post-eruption samples (Mullineaux et al. 2010) (Fig. 3) .
MANOVA revealed significant differences between cruises in all 4 species selected from the pre-eruption group, and 2 of the 4 species in the post-eruption group (Table 2 
DISCUSSION
Larval abundance and species composition
We had expected that both larval abundance and species richness would drop following the eruption, due to the loss of the local source populations and the limited number of species It seems unlikely that larvae produced before the eruption could remain in the plankton for that length of time; while pelagic larval duration is poorly constrained for most vent larvae, bottom currents would have carried most pre-eruption larvae away from the site in a matter of months (McGillicuddy et al. 2010) . The simplest explanation is that larval production increased in surviving populations after the eruption, but fell back at some point to pre-eruption levels or below, except in the few species capable of exploiting the new environment.
Several details in the larval data are curious. Larval abundance, both overall and for many prominent species, was highly variable between samples in the first 2 plankton sampling periods after the eruption. Geographic effects due to sampling multiple sites do not completely explain the pattern because samples from 1999 and 2000 were not highly variable, despite having been sampled from multiple sites. For whatever reason, populations in more established communities appear to contribute larvae more consistently to the plankton than those in recently disturbed ones. This variation in species composition caused the 2006 samples to cluster into 2 separate groups, independent of their sample date (Fig. 2) . One possible explanation is that the southern 
Natural versus anthropogenic disturbance
In general, major disturbances not only cause massive mortality, but also alter the immediate post-disaster environment. These changes often favor opportunistic species, which can exploit the altered habitat during the recovery period (e.g. Capitella spp. polychaetes following oil spills (Grassle & Grassle 1974) ). Eruptions are, for vent species, routine disasters, which may occur at a frequency approaching that of an individual lifespan and result in an altered post-disaster habitat, generally with higher temperature, higher H2S, extensive bacterial mats and large areas of unoccupied hard substrate. A few vent species seem to thrive in these conditions and it is possible that they need the episodic availability of this environment to maintain their populations. However, the species that were adapted to the pre-eruption conditions probably cannot begin to rebuild their populations until the temperatures and H2S concentrations drop to acceptable levels, and recovery of the full suite of pre-eruption species may take 5 to 10 yr or even longer (Marcus et al. 2009 ). The situation is in some respects similar to fire-adapted ecosystems, in which periodic burns appear to be necessary for some species to reproduce (Christensen 1985) , or to coral reefs, where hurricane disturbance may prevent dominance of rapidly growing staghorn corals (Connell & Keough 1985) . In both these cases, disturbance is necessary to maintain species diversity as a whole by creating a balance between the opportunists and the later, slower-growing colonists.
It is uncertain, however, whether the adaptations that allow vent species to recolonize after eruptions would be effective after a different type of disturbance such as seafloor mining.
Like an eruption, a mining operation would clearly cause massive mortality and some disruptions on data when necessary to obtain homogeneity of variances. Post-hoc Tukey tests are shown in Fig. 4 
